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Three-dimensional magnetic confinement of neutrons is reported. Neutrons are loaded into an
Ioffe-type superconducting magnetic trap through inelastic scattering of cold neutrons with 4He.
Scattered neutrons with sufficiently low energy and in the appropriate spin state are confined by the
magnetic field until they decay. The electron resulting from neutron decay produces scintillations
in the liquid helium bath that results in a pulse of extreme ultraviolet light. This light is frequency
downconverted to the visible and detected. Results are presented in which 500 ± 155 neutrons are
magnetically trapped in each loading cycle, consistent with theoretical predictions. The lifetime of
the observed signal, 660 s +290−170 s, is consistent with the neutron beta-decay lifetime.
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I. INTRODUCTION
The beta-decay lifetime of the neutron is of interest
in a number of contexts. It has a direct impact on cos-
mological modeling as an input to the calculation of the
production of light elements during the Big Bang. The
isotopic ratios measured in extragalactic gas clouds (in
which isotopic abundances are thought to have remained
constant since the Big Bang) can be compared to Big
Bang Nucleosynthesis calculations in order to place lim-
its on the ratio of baryons to photons in the early uni-
verse. In the calculation of the expected 4He/1H ratio,
the dominant uncertainty is the lifetime of the neutron
[1,2].
Beta decay of the neutron is both the simplest nu-
clear beta decay, and more generally, the simplest of the
charged-current weak interactions in baryons. Measure-
ments of the weak interaction parameters can be obtained
using neutron beta decay with fewer and simpler the-
oretical corrections than measurements using the beta
decay of nuclei. The neutron beta decay rate is propor-
tional to the quantity g2v + 3g
2
a where gv and ga are the
semileptonic vector and axial-vector coupling constants.
To extract the coupling constants uniquely from neutron
beta-decay measurements requires either an independent
measurement of gv or ga or of the (more experimentally
accessible) ratio ga/gv ≡ λ.
The technique of magnetic trapping offers the promise
of significant improvements over previous measurements
in the accuracy of the neutron lifetime (τn). Past mea-
surements have relied on two techniques for measuring τn:
beam and closed-sample type measurements. At present,
both techniques appear to be systematically limited at
the 10−3 level.
In a beam measurement, a well collimated cold neu-
tron beam passes continuously through a decay region
of known volume. Each neutron decay occurring in that
volume is counted. At the end of the decay region, the
flux of the neutron beam is measured with a 1/v weight-
ing, where v is the velocity. The neutron lifetime is
ideally given by the ratio of the number of decays per
unit time to the number of neutrons in the decay re-
gion. In the most precise measurement to date using this
method (τn = 889.2 s± 4.8 s [3,4]), neutron decays were
counted by detecting the decay protons and the beam
flux was measured by detecting α-particles emitted in the
n+10B→ 7Li+α reaction. Of the 4.8 s uncertainty, 3.4 s
is attributed to systematic effects in the measurement of
the neutron flux. An improved version of this experiment
(presently running at the National Institute of Standards
and Technology, NIST) aims for an accuracy of less than
two seconds [5].
In the closed-sample measurements, neutrons with en-
ergies lower than the interaction potential of the material
(i.e. ultracold neutrons or UCN) are loaded into a phys-
ical box and stored (via total reflection of the neutrons
from the material surfaces) for a variable length of time
before being counted. The neutron lifetime can be ex-
tracted from the dependence of the detected neutron pop-
ulation on the storage time. Several storage techniques
have been used to make measurements of the neutron
lifetime. The most precise storage measurements yielded
values of τn = 882.6 s ± 2.7 s [6], 888.4 s ± 3.3 s [7] and
885.4 s± 0.9 s± 0.4 s [8].
Experiments using this storage technique to measure
the neutron lifetime measure the total rate at which neu-
trons are lost from the storage vessel, both by beta de-
cay and by any other loss mechanisms. The accuracy of
the lifetime measurement is limited either by unknown
loss mechanisms or by the uncertainty in corrections for
large loss mechanisms which arise from the interactions
between the stored neutrons and the walls of the storage
vessel. Most experiments use storage data to extrapolate
to the ideal case of no wall losses. In Ref. [6], the physical
size of the storage vessel is varied, and the measurements
are extrapolated to an infinite volume. In Ref. [7], the
storage time is measured as a function of UCN velocity,
and an extrapolation is made to zero velocity, or an in-
finite time between collisions with the walls. The most
recent measurement, [8], uses two different storage-vessel
sizes with neutron detectors to measure the relative rate
at which neutrons are scattered out of the storage vessel
in the two configurations.
A second storage technique uses the interaction of the
magnetic moment of the neutron with magnetic field gra-
dients. This technique was first discussed by Vladimirski˘i
in 1961 [9], just two years after Zeldovich first discussed
material storage [10]. Since that time there have been
several experiments to store neutrons magnetically with
varying degrees of success [11–14].
In the NESTOR (NEutron STOrage Ring) experiment,
neutrons in a range of velocities from 6 m s−1 to 20 m s−1
were stored in a sextupole magnetic storage ring analo-
gous to the storage rings used at particle accelerators
[12,14]. Magnetic field gradients reflect neutrons at a
glancing incidence, storing neutrons in certain trajecto-
ries. The storage ring technique relies on the stored neu-
trons to remain in these trajectories. Neutron loss from
these trajectories (attributed to betatron oscillation) lim-
ited this measurement.
Three-dimensional magnetic trapping was later at-
tempted with a spherical hexapole trap [13]. The lack
of neutrons trapped in this experiment was attributed
to upscattering of neutrons from the trap by phonons
in their 1.2 K helium bath. Another experiment used a
large (3 × 105 cm3) box with several current loops pro-
viding the magnetic field for confinement along the floor
and walls (the top was “closed” by gravity). Despite its
size it was never able to confine more than a few (of order
one) neutrons at a time due to its a trap depth of 150 µK
[11,15].
The use of three-dimensional magnetic confinement to
measure the neutron lifetime provides an environment
that is free of the systematic effects that have limited
previous lifetime measurements. The magnetic trapping
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technique is not sensitive to variations in the neutron
flux; each decay is recorded as a function of time and
both the lifetime and initial number of neutrons can be
extracted. Magnetic trapping also eliminates wall inter-
actions and betatron losses; neutrons are not confined by
physical walls and are energetically forbidden from leav-
ing the trapping region. These advantages should allow
for a significant improvement in the accuracy of the neu-
tron lifetime. Given a sufficient neutron flux it should
be possible (using estimates of known loss mechanisms
discussed below) to measure τn at the 10
−5 level. The
method of measuring the neutron lifetime using magnetic
trapping that is discussed in this paper was proposed in
1994 [16].
In this work ultracold neutrons are produced, magnet-
ically trapped, and detected as they decay. The exper-
imental concepts are discussed in section II. A descrip-
tion of the experimental apparatus is given in section III.
The results are presented in section IV, with a discussion
of these results in section V. The feasibility of using
an improved version of this experiment to make a neu-
tron lifetime measurement is discussed in section VI. The
techniques developed for this experiment have other po-
tential fundamental physics applications, also discussed
in section VI, such as improved sensitivity in the search
for the neutron’s electric dipole moment [17] or detection
of low energy neutrinos [18].
II. EXPERIMENTAL CONCEPTS
A. Magnetic Trapping
Neutrons have
a magnetic moment, µn = −0.7 mK T
−1, and interact
with a magnetic field, ~B, by the dipole interaction:
H = −~µn · ~B = |µn| ~σn · ~B, (1)
where the magnetic moment of the neutron is oriented
anti-parallel to its spin (σn). When the neutron spin
is aligned parallel to the magnetic field the interaction
energy is positive and regions of high magnetic field repel
neutrons in the parallel spin state. These neutrons are
denoted “low-field seekers”.
Static magnetic traps create a magnetic field minimum
in free space to confine low-field-seeking particles. One
such trap, known as an Ioffe trap, conceptually (and in
our case schematically) consists of four wires and two
coils as shown in Fig. 1. This configuration has been
used to confine ions and plasmas and more recently to
trap neutral atoms [19,20]. The four wires with alter-
nating current direction provide a cylindrical quadrupole
field. The two coils, coaxial with the same current sense,
provide a non-zero field throughout the trapping region.
Our magnet is of this form and is described further in
section III.
FIG. 1. A sketch of an Ioffe trap.
The interaction potential given in Eq. 1 also causes the
component of the magnetic moment perpendicular to the
field to precess around the local direction of the field with
a frequency ω (≈ 180 MHz at 1 T). If this precession is
considerably faster than the change in the direction of
the field seen by the neutron, that is if
ω =
2µnB
~
≫
d ~B/dt
| ~B|
, (2)
then the neutron spin will remain aligned with ~B as it
moves throughout the trap (i.e. the neutron spin state
will not change relative to the field). Under these con-
ditions, one can essentially view the magnetic potential,
H = |µn||B|, as depending only on the magnitude, not
the direction, of the magnetic field. Near regions in which
the field approaches zero this condition is not fulfilled and
trapped, low-field-seeking neutrons can invert their spin
and be lost from the trap (Majorana spin-flip losses).
Provided | ~B| is sufficiently large (i.e. no zero-field re-
gions) a neutron initially in the trapped state will remain
in the trapped state as it moves throughout the trap.
B. Superthermal Production of UCN
To load neutrons into the trap their energy must be
dissipated inside the trapping region. The “superther-
mal” process (so called because it allows one to achieve
phase space densities greater than that coming from a
“thermal” liquid hydrogen or deuterium cold source) is
an efficient method to load the trap [21,22].
The superthermal production of UCN in superfluid
helium depends critically on the fact that cold neu-
trons cannot scatter with individual helium atoms as
they would in a gas, but must scatter with excitations
(phonons and rotons) in the superfluid. The dispersion
curve (energy versus momentum) for these excitations in
superfluid helium [23] is shown in Fig. 2 with the energy
of the free neutron (p2/2m) overlaid for comparison. For
a neutron to scatter to the vicinity of q = 0 via the dom-
inant single phonon scattering process, momentum and
energy conservation limit the initial neutron momentum
to values of q ∼ q∗. This results in the creation of a
single 12 K phonon in the helium. Similarly, a UCN
with E ∼ 1 mK can only “upscatter” by absorbing a
3
FIG. 2. The dispersion curve for excitations in superfluid
helium and the free energy of the neutron [23]. The two curves
cross at q = 0 and at q = q∗, which corresponds to a neutron
wavelength of 0.89 nm, or an energy of 12 K.
12 K phonon (ignoring multi-phonon processes for the
moment). This fact allows one to treat the neutron in-
teraction with the superfluid as a two level system with
a 12 K energy difference between the two levels.
The one-phonon upscattering rate can be expressed as
σ(EUCN → EUCN +∆) = (3)
EUCN +∆
EUCN
exp(−
∆
kBT
)σ(EUCN +∆→ EUCN)
where kB is the Boltzmann constant. For a fixed ∆ (12 K
in our case), the upscattering rate can be made arbitrar-
ily small since it decreases exponentially with the temper-
ature T of the helium bath. Physically this corresponds
to decreasing the population of phonons of energy ∆. In
practice, however, the rates of other (multi-phonon) scat-
tering processes dominate the upscattering rate at low
temperatures. The second-order process is denoted as
two-phonon upscattering, although it applies equally to
the scattering of a neutron by a single phonon, in which
the phonon is not absorbed. The rate of the two-phonon
upscattering scales as T 7 [24] and has been measured
down to 500 mK [25]. In a helium bath at a temperature
of 1.16 K, the upscattering rate was 2.5× 10−2 s−1, cor-
responding to a storage time of 40 s. At our operating
temperature of 250 mK, the upscattering rate should be
2000 times less than the beta-decay rate. Minor modifica-
tions to the apparatus now allow the helium to be cooled
below 100 mK, making the two-phonon upscattering rate
negligible in performing a lifetime measurement.
The use of superfluid helium to produce UCN has been
demonstrated in several previous experiments [25–28]
and upscattering rates have been measured in Refs. [25]
and [28].
C. Detection of decays in the trap
When a neutron decays in the trap, the recoiling elec-
tron scatters from atomic electrons of the helium, ion-
izing tens of thousands of helium atoms. The electron
deposits 300 keV cm−1 in the helium with the range of
a typical electron of order 1 cm [29]. The helium ions
tend to form diatomic molecular ions before recombining
with electrons, leading to the creation of excited-state di-
atomic helium molecules. These molecules are created in
both singlet and triplet states.
When each helium molecule decays it emits a photon
in the extreme ultraviolet (EUV; λ ≈ 70− 90 nm). The
singlet decays give a relatively intense pulse of light in a
short time; 4000 EUV photons in less than 20 ns for a
typical neutron decay [29]. These singlet decays and are
used to detect the neutrons decaying in the trap. The
longer decay time for the triplet states renders them less
useful for this purpose. The same number of photons
emitted over 13 s [31] makes it impossible to distinguish
the triplet events from backgrounds.
To detect the light pulse emerging from the singlet de-
cays directly in the trap would require EUV sensitive
detectors that work at low temperatures (< 250 mK), in
liquid helium, and inside an intense magnetic field (1 T).
The detectors would also be exposed to the cold neutron
beam, or at least to neutrons scattering in the helium,
and would need to tolerate this radiation without creat-
ing backgrounds. Finally, there is limited space available
inside the magnet bore. Since it is extremely difficult to
satisfy these detector requirements, the scintillation light
is detected indirectly.
The EUV scintillation light is converted to blue/violet
light inside the apparatus using a pure hydrocarbon, 1-1-
4-4 tetraphenyl 1-3 butadiene (TPB). TPB absorbs EUV
light and emits light in a spectrum ranging from 400 nm
to 500 nm [30]. This light can then be transported out
of the trapping region and into detectors at room tem-
perature. The detector insert is described in detail in
section III.
D. Experimental Method
Each experimental run consists of a loading phase in
which the neutrons are loaded into the trap and an obser-
vation phase in which the trapped neutrons are detected
as they decay. At the start of a run the magnetic field is
on forming the magnetic trap which will confine the neu-
trons. The neutron beam is turned on and neutrons be-
gin to scatter in the liquid helium, producing UCN which
become confined in the trap. The UCN creation rate is
proportional to the incident neutron flux and is constant
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during the loading phase. UCN are lost from the trap by
beta decay in proportion to the number trapped. Thus,
neutrons accumulate in the trap with a time constant
of the neutron lifetime or approximately 15 min. In the
actual experiment, the trap is loaded for 22.5 min, yield-
ing 78 % of the trapped UCN population that could be
achieved with an infinite loading time. Once the beam
is turned off, the number of neutrons in the trap de-
creases due to beta decay. The photomultiplier tubes
are turned on 10 s after the beam is turned off and neu-
tron decays are detected for 1 h, giving a time-varying
signal directly proportional to the decreasing number of
neutrons in the trap. Trapped neutrons are indicated by
an exponentially decaying signal consistent with the neu-
tron beta-decay lifetime, or a more rapid decay if there
are additional trap losses.
Two classes of problems could prevent observation
of this signal: spurious losses (which cause the initial
trapped population to be significantly lower due to losses
during loading) and background events (which could
give a much higher overall counting rate and obscure a
trapped neutron signal). The next two subsections will
treat these two issues.
E. Loss Mechanisms
Known loss mechanisms include one- and two-phonon
upscattering (which as discussed above is reduced by
cooling the helium target), Majorana spin-flips (which
are minimized by the non-zero-field character of the
trap), and 3He absorption. In addition, some neutrons
with energies greater than the trap depth (that is, suf-
ficient to allow them to escape) may be confined by the
field for an extended period of time but escape from the
trap before they decay.
Helium has two stable isotopes, 3He and 4He. While
4He does not absorb neutrons, 3He has an extremely high
absorption cross-section. For UCN contained within a
bath of 4He with a small amount of 3He present, the
absorption rate is given by:
Γabs = x3 · n · σth · v300K = x3 · 2.6× 10
7 s−1 (4)
where x3 is the ratio of
3He atoms to 4He atoms, n is the
density of helium nuclei, σth is the thermal cross section
for neutron capture onto 3He and v300K is the neutron
velocity at room temperature. Isotopically purified 4He
is available with x3 < 5 × 10
−16 [32]. At this limit, the
absorption rate is 1.3× 10−8 s−1, or ten thousand times
less than the beta-decay rate. This gives a negligible shift
in the trap lifetime. “Reversing” this analysis allows the
data presented in section IV to yield a three standard
deviation upper limit on the 3He concentration of x3 ≤
5×10−11. A more accurate, independent measurement of
x3 using accelerator mass spectroscopy is presently being
pursued.
A “marginally trapped” neutron is one with an energy
greater than the trap depth, but in a trajectory that
keeps the neutron confined in the trapping region for a
significant time. Simulations have determined that the
vast majority of these neutrons will be expelled from the
trap within a few seconds [33]. In addition, it has been
shown through analytical calculations [34] that by low-
ering the magnetic field to 30 % of its original value and
then raising it back up, a trapped sample is achieved that
has no neutrons stored with energies above the trap depth
and about one-half of the original trapped neutrons. For
this demonstration of trapping, this procedure is not nec-
essary.
F. Backgrounds
Background events are any events recorded by the data
acquisition system that arise from sources other than de-
caying neutrons. The data acquisition system records an
event when coincident PMT pulses above a set charge
threshold occur on the two photomultipliers observing
the trapping region. Events which are coincident with
the detection of light pulses from PMTs observing plas-
tic scintillator paddles placed below the primary detec-
tion cell are vetoed.
Hence the detection system is designed to reject several
expected backgrounds. Cosmic ray muons pass through
materials at a rate of 1 cm−2 min−1 [2] and penetrate
any reasonable shielding. They leave an ionization trail
as they pass through, depositing roughly 2 MeV g−1cm2
times the density of the material [2]. Pulses in the pri-
mary detection system due to cosmic ray muons are ve-
toed by the auxiliary paddles and do not produce back-
ground events.
The requirement of coincidence between two PMTs ob-
serving the trapping region suppresses background events
caused by neutron induced luminescence of materials.
The neutron absorbers used to shield the materials sur-
rounding the trapping region from the neutrons (primar-
ily hexagonal boron nitride, hBN) glow after exposure to
neutrons with a magnitude decreasing slowly on a time
scale comparable to an experimental run [35]. This lu-
minescence (which was for some time the major obstacle
to extracting the trapped neutron signal) was attenuated
by placing graphite between the hBN and the light col-
lection system and by replacing the collimator and beam
stop with B4C (a material which has considerably less
luminescence). To suppress this background, coincident
detection in two PMTs is employed. A signal is recorded
when at least two photons are detected in each PMT
within a 23 ns window. With this threshold, the effi-
ciency for detecting neutron decays is 31 %.
The system is also susceptible to background events
from other sources. The passage of high-energy parti-
cles through any part of the trapping region or detection
system is expected to cause scintillations in the primary
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PMTs. Other than cosmic ray muons which are vetoed,
any particle that causes a detected scintillation will pro-
duce a background event. Such particles include decay
products from radioactive nuclei, either naturally occur-
ring or created by neutron capture during the loading
phase, and neutral particles (gamma rays or fast neu-
trons) created outside of the apparatus. Unlike muons,
gamma rays and fast neutrons tend to lose a signifi-
cant fraction of their energy in each scattering event
and cannot be detected with veto detectors. To reduce
background events from gamma rays, the apparatus is
shielded with 10 cm of lead.
Backgrounds from decays of isotopes created by neu-
tron absorption decay exponentially with their respective
lifetimes. To minimize such backgrounds, the materials
exposed to the neutron beam are carefully chosen such
that their primary constituents have small neutron ab-
sorption cross sections (or absorb neutrons to form a sta-
ble isotope, thus giving no background).
Despite several successful methods of reducing back-
grounds, a decaying signal with peak magnitude of
roughly 0.2 s−1 had to be extracted from a time-varying
background signal of about 6 s−1 initially, with a con-
stant component of 2 s−1 at longer times. This was ac-
complished by measuring the background directly, taking
half of the runs with the magnetic trap initially turned
off, and subtracting this background from the trapping
runs.
III. EXPERIMENTAL APPARATUS
A. Beam
The experiment resides at the end of cold neutron
guide number six (NG-6) in the guide hall of the NIST
Center for Neutron Research (NCNR) [36]. Neutrons are
released from the 20 MW reactor and are moderated by
D2O surrounding the reactor core and then by a liquid
hydrogen cold source operating at a temperature of 20 K.
Neutrons partially thermalize with the hydrogen and exit
towards the neutron guides. Some fraction of these neu-
trons pass into the open end of NG-6, a rectangular 58Ni-
coated guide 60 m long, 15 cm tall and 6 cm wide.
Neutrons exiting the far end of NG-6 pass through
a 6 cm diameter collimating aperture (C1) and then
through filtering materials consisting of 10 cm of bis-
muth and 10 cm of beryllium. The single crystal bis-
muth attenuates the flux of gamma rays from upstream
sources. The polycrystalline blocks of beryllium Bragg-
reflect neutrons with wavelengths less than 0.395 nm, re-
moving them from the beam. The neutron beam exiting
the filter has a measured capture flux of 9×108 n cm−2s−1
[5].
Immediately preceding the trapping region, a second
aperture (C2) collimates the beam before it enters the
trapping region. The collimators C1 and C2 are chosen
FIG. 3. The neutron spectrum measured at the end of
NG-6 using time-of-flight techniques.
such that any neutron passing through both collimators
will be absorbed in the beamstop at the end of the trap-
ping region unless it scatters in the helium.
The wavelength spectrum of the beam is measured in
a separate experiment by the time-of-flight method. The
beam is collimated to a diameter of 400 µm. A cadmium
disc positioned directly behind the collimator and rotat-
ing at 67 Hz blocks the beam except when either of a pair
of slits 250 µm wide passes in front of the collimator.
Neutrons passing through the slit are detected using a
3He detector placed 69 cm behind the chopper. The out-
put of the 3He detector is recorded with a multi-channel
scaler, with a 5 µs bin width. The scaler is triggered
using a light emitting diode (LED) and a photodiode de-
tecting the passage of the slit approximately 180◦ from
the neutron beam. Data from the time-of-flight spectrum
is shown in Fig. 3.
Two points in the spectrum are available to set the ini-
tial time, the beryllium edge, at 0.395 nm, and the nar-
row slice of the beam removed by an upstream monochro-
mator in the neutron guide at 0.48 nm. Both the un-
normalized capture flux and 0.89 nm flux (important for
UCN production using scattering from liquid helium) can
be extracted. Using the known capture flux for normal-
ization, the flux at 0.89 nm is
dΦ
dλ
= (1.62± 0.08)× 106 n cm−2 s−1 K−1. (5)
The error bars are one standard deviation and primarily
correspond to uncertainties in the wavelength calibration.
B. Magnet
The UCN are confined in an Ioffe-type superconduct-
ing magnetic trap [19]. The magnet uses four racetrack-
shaped coils to produce the quadrupole field. These con-
sist of two different size coils and are assembled as shown
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FIG. 4. Cross-sectional view of the quadrupole magnet
form.
in Fig. 4. The two larger coils, with 777 turns each, are
69.1 cm long by 9.2 cm high, with a coil cross-section of
3.2 cm by 2.0 cm. The smaller coils, with 336 turns each,
are 65.2 cm long by 5.3 cm high, with a cross section of
1.5 cm by 2.0 cm. The coils are placed onto the 6-4 ELI
grade titanium form and isolated using Kapton1 and G-
10 spacers. Aluminum compression plates, machined to
give a cylindrical outer surface, are attached to the form
to provide compression of the coils. This cylindrical as-
sembly is wrapped under 67 N of tension with 20 layers
of Kevlar to uniformly compress (prestress) the coils. To
protect the Kevlar, the magnet was first wrapped in a
layer of Tedlar then the Kevlar, and then an outer layer
of fiberglass with the wrappings embedded in epoxy. The
quadrupole assembly had an outer diameter of 14.5 cm
and an inner bore of 5.08 cm. The ends of the titanium
form were machined to mate directly with the inner vac-
uum can of the cryostat.
The solenoid assembly surrounds the quadrupole as-
sembly and consists of two sets of solenoids. Each set
contains a primary solenoid which is flanked by a pair
of smaller solenoids with opposite polarity. These cause
the magnetic field of the primary solenoid to fall off
more quickly with distance along its axis. The primary
solenoids each consist of 1564 turns with an inner diam-
eter of 14.7 cm, outer diameter of 18.2 cm and length of
5.15 cm. The two “bucking” coils placed 5.0 cm on each
side of the primary coil are 365 turns with an inner di-
ameter of 14.7 cm, outer diameter of 21.5 cm and length
of 1.15 cm.
1Certain commercial equipment, instruments, or materials
are identified in this paper in order to specify the experimen-
tal procedure adequately. Such identification is not intended
to imply recommendation or endorsement by the National In-
stitute of Standards and Technology, nor is it intended to im-
ply that the materials or equipment identified are necessarily
the best available for the purpose.
FIG. 5. The magnetic field along the x -axis (y = z = 0).
FIG. 6. The magnetic field along the z -axis (x = y = 0),
showing the “pinch” resulting from each solenoid, closing the
ends of the trap.
The magnitude of the quadrupole field increases lin-
early with radius with a gradient of 0.69 T cm−1 (at
180 A). Along the axis of the form, the field minimum
(0.11 T at 180 A) is provided by the solenoids. Denoting
this axis as the z-axis, the magnitude of the field along
the x-axis is shown at y = z = 0 in Fig. 5. The solenoids
each create a short high-field region closing off the ends of
the trapping region. The field along the z-axis is shown
at x = y = 0 in Fig. 6.
The depth of the magnetic trap is defined as the differ-
ence between the lowest field point at which neutrons can
be lost from the trap (Bmax) and the lowest field point in
the trap (Bmin). In our geometry, the solenoids were cho-
sen to produce a peak field higher than the walls of the
quadrupole. The trap depth is thus set by the quadrupole
field at the inner edge of the detector insert (see below).
This occurs at a radius of 1.59 cm, corresponding to a
trapping field of 1.15 T. Subtracting the minimum field
of 0.11 T gives a net trap depth of BT = 1.04 T.
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FIG. 7. A sketch of the T-shaped dewar.
C. Cryogenics
Cooling the helium target below 250 mK requires the
use of a 3He-4He dilution refrigerator which is connected
to horizontally oriented magnetic trapping region. This
required a custom-designed cryogenic dewar, consisting
of a horizontal section to house the magnet and trapping
region and a vertical section to house the refrigerator and
is shown in Fig. 7.
The neutron beam enters from one end of the dewar
and light from the neutron decays exits from the opposite
end. The neutron entrance windows consist of two layers
of different materials, one to make a vacuum seal and
the other to block black-body radiation, with both hav-
ing good neutron transmission properties. The vacuum
windows are made from a clear fluoropolymer, Teflon
PFA. A simple compression seal, where the edges of a
Teflon disc are compressed between two metal flanges un-
til the Teflon begins to deform, provides the vacuum seal
[37]. The windows used at 250 mK (where black-body
absorbers are not needed) are 250 µm thick, 6.35 cm
in diameter, leaving a 6.35 mm wide section compressed
around the circumference of a window 5.08 cm in diame-
ter. The other two windows at 300 K and 4 K are similar
with a 7.62 cm diameter disc making a window 6.35 cm in
diameter. To block blackbody radiation, a 50 µm thick,
6.35 cm diameter beryllium disc (Grade PF-60, Brush
Wellman) covered the Teflon window at both the 4 K and
77 K end flanges. The light transmission windows, on the
opposite end of the cryostat, are made from ultra-violet
transmitting (UVT) acrylic (polymethyl methacrylate or
PMMA) and are sealed using epoxy, indium o-ring seals,
or rubber o-rings.
The isotopically pure 4He and detector insert are con-
tained within the inner vacuum can (IVC) and held fixed
with respect to the magnet and neutron beam, while ther-
mally anchored to the dilution refrigerator. The helium
is contained within the IVC in a tube made of 70-30
cupronickel which extends through the magnet and into
the end can of the dewar. There, a copper end cap is
soft-soldered (using 50/50 tin/lead solder with Nokorode
paste flux) to each end of the tube to provide a sealing
surface for either the Teflon window or the light trans-
mission window. The endcaps are thermally anchored to
the copper heat link which extends to the dilution refrig-
erator.
The cell is filled with isotopically purified 4He by con-
densing it in from room temperature. The helium is
stored as a low pressure room temperature in two 450 L
electropolished stainless steel tanks. The storage volume
is connected to the cell through stainless steel tubing and
all-metal valves. Two independent fill lines enter the de-
war and each are thermally anchored at various points
of the dilution refrigerator before they connect to the
cell. The heat link and the fill lines are flexible near the
T-section. The cell and lower half of the heat link is
supported directly from the IVC using Kevlar braid.
D. Neutron Shielding
When the neutron beam is open to the trapping region,
4 × 108 n s−1 enter the helium bath. At the end of the
trapping region, those neutrons which have not scattered
in the helium are absorbed in the beam dump. Since the
scattering cross section for cold neutrons in liquid helium
[38] decreases rapidly with wavelength, at 0.89 nm, only
6 % of the neutrons scatter, while at 0.45 nm, almost
40 % scatter. As a result, about 2×108 n s−1 (or a total
of 3×1011 neutrons) scatter into the walls when the beam
is on, potentially producing backgrounds.
To minimize such backgrounds, neutron absorbing ma-
terials are placed such that scattered neutrons do not
reach materials that can activate. Several different ma-
terials are used, all of which contain either lithium or
boron, materials which have high neutron absorption
cross sections. A sketch of the shielding and windows on
the beam entrance end of the dewar is shown in Fig. 8.
The sensitivity to activation-induced backgrounds is
greatest inside the detector insert and lightpipes. To
minimize activation in the detection system, the mate-
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FIG. 8. Sketch of the windows in the dewar end flanges on
the beam entry end showing the interlocking boron nitride
tubes shielding the beam.
rials inside the shielding are carefully chosen to contain
elements which have minimal activation such as hydro-
gen, carbon and oxygen. Surrounding these materials is
a shield of hexagonal boron nitride (hBN, grade AX05,
Carborundum Corporation) to absorb the remaining neu-
trons. This shield consists of a series of interlocking hBN
cylinders (5 cm long, with an outer diameter of 4.15 cm
and a wall thickness of 1.5 mm). hBN has a neutron
attenuation length of 56 µm at 0.89 nm.
The hBN is coated with a thin layer of colloidal
graphite (Aerodag G, Acheson Industries) to attenu-
ate the luminescence (see below). In addition, non-
interlocking tubes of graphite (15 cm long with a wall
thickness of 0.2 mm, Grade AXF-5Q1, Poco Graphite)
are inserted between the boron nitride tube and detec-
tion region.
E. Detection System
The detector insert is a UVT acrylic tube whose in-
ner surface is coated with TPB-doped polystyrene (mass
fraction of 40 % TPB). This insert, shown in Fig. 9, to-
gether with a series of acrylic windows and lightpipes
leading to a pair of PMTs, forms a detection system al-
lowing neutron decay events to be recorded as a function
of time.
Each beta-decay event in the trapping region gives rise
to a pulse of EUV light in the helium. This light is down-
converted to the visible by the TPB and transported past
the opaque B4C beamstop by the acrylic tube (3.8 cm
outer diameter, 3.1 mm wall thickness) to a 3.8 cm di-
ameter solid acrylic lightpipe. This lightpipe extends to
the end of the helium-filled cell (see Fig. 10). At the
end of the cell, the light passes through a pair of UVT
acrylic windows into a 7.6 cm diameter lightpipe which
FIG. 9. A sketch of the detector insert with the scintillation
process and light transport shown (Not to scale).
FIG. 10. Sketch of the windows in the dewar end flanges,
on the light exit end.
extends out of the dewar. The window on the cell is
formed by epoxying (Stycast 1266) an acrylic window to
an acrylic tube. The other end of the tube is epoxied
to an thin (0.5 mm wall thickness) aluminum cylinder
(“snout”) which attaches to the cell body. The 3.8 cm
lightpipe is epoxied to the window of the snout to pre-
vent the detection insert from moving with respect to the
cell. The 7.6 cm lightguide is heatsunk to the 77 K ra-
diation shield using strips of aluminum foil as shown in
the figure.
Outside the dewar, the light emerging from the 7.6 cm
lightpipe is coupled into a pair of 5 cm diameter PMTs
using a series of optical elements (Fig. 11). The light is
first “condensed” as it passes through the Winston cone
[39]. The light exiting the Winston cone is split into two
5 cm diameter lightpipes using a splitter which is made
from two 5 cm diameter lightpipes machined at a 45◦-
angle and epoxied together, forming an ell. The corner
is machined away leaving a flat elliptical surface with a
5 cm minor axis and a 7.1 cm major axis which is at-
tached to the Winston cone. The Winston cone and the
splitter are diamond turned, polished, and aluminized
to maximize the light transmission. The assembly has
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FIG. 11. A sketch of the optical elements connecting the
7.6 cm lightpipe to the PMTs.
an 80 % transmission efficiency from the 7.6 cm diame-
ter lightpipe to the two ends of the splitter. All of the
optical elements are contained within an aluminum hous-
ing which both blocks light and creates a space through
which dry N2 gas is flowed to prevent helium contamina-
tion of the PMTs.
The photomultipliers are Burle model 8850. The signal
is read out at the anode as a discrete current pulse with
the tubes biased using positive high voltage.
A series of calibrations was performed using both al-
pha and beta sources to determine the efficiency for de-
tecting neutron decay events. Using a 113Sn beta line
conversion source (Eβ = 360 keV), the assembled detec-
tor insert and light collection system were tested using
a single PMT at the end of the Winston cone. The re-
sulting spectrum is shown in Fig. 12, with a typical pulse
on average giving between 5.5 and 6.0 photoelectron sig-
nal. A series of tests using the higher energy 210Po alpha
source (Eα = 5.3 MeV) gives the relative detection effi-
ciency for EUV light produced at different longitudinal
positions along the cell. The efficiency varies from 75 %
to 125 % (relative to the efficiency at the center of the
cell) along the length and has an approximately linear
dependence.
A simple Monte Carlo is used to calculate our efficiency
for detecting trapped neutrons. Each event is modeled
by taking a random position along the length of the cell
and a random beta energy, weighted by the known shape
of the beta spectrum. The results of the 113Sn calibration
give an output of 14.5 ± 1.5 photoelectrons per MeV of
electron kinetic energy. The expected signal is corrected
for the measured 80 % efficiency of the splitter and for
the dependence of the signal on the position of the event
in the cell. Requiring coincidence between pulses in both
PMTs, each having an integrated area corresponding to
FIG. 12. Pulse area spectrum from 360 keV beta line spec-
trum.
two or more photoelectrons, results in the detection of
31 %±4 % of neutron beta decays in the trapping region.
F. Data Acquisition
A schematic of the data acquisition system is shown in
Fig. 13. The anode signal from each of the two PMTs
looking at the decay region (labeled I and J) is fanned
into three outputs. One output connects directly to a dig-
ital oscilloscope, while the other two, along with the four
muon veto detectors, pass into a discriminator. The volt-
age thresholds for the PMT signals are set to trigger on
each pulse which would give a charge-integrated signal of
two or more photoelectrons (denoted as I1.5+ and J1.5+),
as determined empirically. The muons are detected using
three plastic scintillators (2.5 cm×32 cm×1.42 m) which
surround the lower half of the dewar and a fourth detector
with slightly smaller dimensions that is placed over the
PMTs and connecting lightguides. The muon thresholds
are set such that each detector produces about 1000 s−1.
Varying this threshold so as to change this counting rate
by more than a factor of two had no effect on the 8 s−1
muon coincidence rate with the detector insert, indicat-
ing that all true coincidences are being included at these
threshold levels.
The outputs I1.5+ and J1.5+ are ANDed to produce a
coincident I1.5+· J1.5+ signal 23 ns long. The inverted
output of the 1.5+ coincidence signal is delayed and
ORed with the delayed combined muon signal to pro-
duce ((I1.5+ · J1.5+) + µ) = (I1.5+ · J1.5+) · µ, or a coin-
cidence between I1.5+ and J1.5+, where no muon paddle
has recorded a coincident muon. This signal is used to
trigger the digital oscilloscope.
In addition to the above, the trigger output signal from
the oscilloscope is recorded. This signal is used in com-
bination with the number of times that the coincidence
circuit tried to trigger the oscilloscope to correct for the
deadtime of the oscilloscope and to assign time informa-
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FIG. 13. Data acquisition schematic
tion to each scope event. The counters are active for 98 %
of the time, with a dead time of 20 ms during the read
out by the computer.
Digitizing the pulses with an oscilloscope allows one
to integrate the area of each PMT pulse and make a cut
on the integrated pulse area instead of the peak voltage.
The integrated charge gives a sharper distinction between
one- and two-photoelectron events, increasing the signal-
to-background discrimination efficiency.
The first two input channels of the oscilloscope were
connected to the amplified outputs of the two photomul-
tiplier tubes I and J. The third, used to trigger the oscil-
loscope, is connected to the logic signal (I1.5+ · J1.5+) ·µ.
For each event, the oscilloscope recorded data at 250
megasamples per second for 1 µs. After 100 trigger events
were recorded, the scope was read out by the computer,
giving a deadtime of nearly one second between sets of
100 triggers.
IV. RESULTS
Data were taken in a series of runs, each divided into
three phases (Fig. 14). For the first 100 s, the neutron
beam is off. This data are used for diagnostic purposes to
detect shifts in the background event rate (such as from
neutron activation of materials in the trapping region
with long lifetimes). In the loading phase, for the next
1350 s, the neutron beam is on and the trapped UCN
population slowly increases, asymptotically approach-
ing the theoretical maximum. During this phase the
photomultiplier tubes are turned off and no events are
FIG. 14. A plot of the predicted trapped neutron popula-
tion over the course of a data run. Three times are indicated:
the start of the run (t = 0 s) and the times at which the neu-
tron beam is turned on (t = 100 s) and off (t = 1450 s). The
run ends at t = 5050 s.
recorded. In the last, or observation phase, data are
recorded as the trapped neutron population decays for
3600 s through beta decay. Data are recorded both in
the form of scaler totals each second and sets of one hun-
dred oscilloscope events.
Two types of runs were performed. In a “trap-on”
run the magnetic trap is energized throughout the entire
run. In a “trap-off” run the magnet is initially off but
is brought up to full current during the last 50 s of the
loading phase (making conditions during the observation,
phase identical between trap-on and trap-off runs). This
results in a small number of trapped UCN in the trap-off
runs, estimated to be at most 2 % of that in the trap-on
runs. The non-trapping or trap-off data are subtracted
from the trap-on data.
To verify that the difference in signal observed be-
tween trap-on and trap-off runs is due to the decay of
trapped UCN and not from backgrounds, additional runs
were necessary. Trap-on and trap-off data were taken in
the same manner but with other conditions changed so
that no UCN should be trapped. Specifically, data are
taken with the temperature of the helium bath at 1.2 K,
rather than at 250 mK (denoted as “warm runs”) and
separately with the helium bath doped with enough 3He
(x3 = 2× 10
−7) to quickly absorb trapped UCN without
significantly attenuating the neutron beam (denoted as
“3He runs”).
The trapping data were acquired over the course of
two reactor cycles. During the first reactor cycle, from
3/23/99 to 4/5/99, a series of trapping runs was taken,
followed by a set of warm runs, more trapping runs, and
finally a set of 3He runs. Between reactor cycles the cell
was pumped out and flushed several times with isotopi-
cally pure helium in order to cleanse the cell of residual
3He from the 3He runs. During the next reactor cycle,
from 4/16/99 to 5/23/99, a longer series (about 18 days)
of trapping runs was taken, followed by a series (about
20 days) of 3He runs.
In the first reactor cycle, the magnet operated at a
current of 180 A, giving a trap depth of 0.75 mK. Dur-
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ing the second cycle, a grounding problem developed in
the magnet and it operated at a lower current of 120 A,
resulting in a trap depth of only 0.5 mK. The number of
trapped neutrons theoretically scales with magnetic field
as B3/2, resulting in the number of trapped neutrons be-
ing a factor of ≈ 0.5 smaller than in the first cycle. The
background count rate remained the same, thus even with
four times as many runs, the signal extracted from the
second set of data is statistically equal to that from the
first set.
353 pairs (trap-on and trap-off) of data runs were
taken, 87 with a trap depth of 0.75 mK and 266 with
a trap depth of 0.5 mK. For the 0.75 mK set, there are
32 pairs of trapping runs, 31 pairs of warm runs, and 24
pairs of 3He runs. In the 0.5 mK set, there are 128 pairs
of trapping runs and 136 pairs of 3He runs.
Data are collected using two parallel systems: stor-
age of events using an array of scalers and digitization of
the event pulses using a digital oscilloscope as discussed
above. The oscilloscope data is binned into 1 s bins and
is corrected for deadtime during the oscilloscope readout.
This deadtime is strongly dependent on the trigger rate,
which is decreasing in time over the course of a run. The
exact bin in the scaler data in which the oscilloscope is
being read is known. Any counts which occur in these
bins are thrown out and the entire one second bin is de-
clared as deadtime to avoid any bias. The data are then
histogrammed into bins of fifty seconds where the dead-
time is small and can be corrected by scaling the data
by one over the live fraction. Data from the first 50 s
of observation in each run contain too much deadtime to
be accurately corrected in this manner and instead are
removed.
The data of a given type (trapping, warm or 3He; trap-
on or trap-off; 0.75 mK or 0.5 mK) are pooled together in
fifty second bins and deadtime corrected. These sets of
data are compared, subtracting the pooled trap-off data
from the pooled trap-on data, to look for a signal (or lack
thereof) indicating the decay of trapped neutrons.
The pooled data from the first reactor cycle are shown
in Fig. 15. The average of the 32 trap-on runs and the 32
trap-off runs is shown starting 50 s after the beam was
turned off. The difference between the two is also shown,
with error bars (purely statistical uncertainty). There
are several significant features in the “raw” data from the
trap-on and trap-off runs. After the neutron beam has
been turned off, both signals approach a level of ∼ 2 s−1.
This component of the background is referred to as the
“flat” background, since it is relatively constant over the
course of a given run. At earlier times in the run, a time-
varying background can be seen as well. Each of these
two components of the background arises from different
sources.
The flat background in the earliest runs of the cycle
was 1.4 s−1, but rose quickly to 1.8 s−1 by the second
day, and averaged 2 s−1 over the entire data set. This
shift was due to the slow buildup, from neutron activa-
tion, of radioactive nuclei with lifetimes greater than one
5
4
3
2
1
0
Co
un
ts 
(s 
–
1 )
30002500200015001000500
Seconds after Beam Off
FIG. 15. A plot of the neutron trapping data from the first
reactor cycle, with the average of the pooled trap-on runs and
the pooled trap-off runs shown separately. The difference is
shown below, with statistical error bars.
day. Approximately 0.6 s−1 of the flat background arises
from such long-lifetime activation. The remaining 1.4 s−1
of the flat background probably arises from both gamma
rays penetrating the lead shielding around the cryostat
and any long-lived radioactive isotopes (such as uranium
or thorium) naturally occurring in the materials of the
apparatus or shielding. Without further measurements,
the possibility that the majority of the present “flat”
background comes from naturally occurring radioactive
isotopes in our apparatus cannot be ruled out.
The time-varying component of the background could
include the activation of shorter-lived isotopes, either
main constituents of the apparatus or trace impurities
in or near the detector. No single isotope appears to
dominate this component of the background, as it did
not fit well to a single exponential. Any remnant of the
luminescence signal (discussed below) will also decrease
with time, though this signal should be eliminated by the
multiphoton threshold and requirement of coincidence
between two PMTs.
Neutron absorption in the hBN (and perhaps other ma-
terials) creates color centers which relax by emitting light
[35]. This luminescence signal varies with time, temper-
ature and magnetic field, and is therefore the most prob-
lematic of our backgrounds. Cuts which were required to
reduce the luminescence background also eliminate about
two-thirds of the events arising from trapped neutrons.
In addition, the temperature dependence of the lumines-
cence makes the “warm” data, in which the helium was
warmed to 1.2 K, potentially suspect (although unlikely
to be so). Thus, because of the luminescence, data in
which the helium were doped with 3He was taken to con-
firm the presence of trapped neutrons.
Since the luminescence most likely results from the re-
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combination of electrons and holes in the boron nitride, it
should emit single photons uncorrelated in time. Neutron
decays on the other hand result in several photons being
detected in coincidence between the two PMTs, provid-
ing an easy way to distinguish the neutron decay signal
from the luminescence background. In practice, the rate
of the luminescence signal is more than five orders of mag-
nitude greater than the trapping signal. With a single-
photon counting rate of 50,000 s−1 in each PMT, the
accidental coincidence rate (with a coincidence window
of 43 ns) is 100 s−1, three orders of magnitude larger than
the expected neutron decay signal. Even the probability
of three single photons arriving independently within the
coincidence window is larger than the expected trapped
neutron signal. The luminescence background can be
reduced to a tolerable level (assuming that the lumines-
cence photons are always uncorrelated) by requiring coin-
cidence between four photons (corresponding to less than
two false coincidences in each 1 h run). Recalling that a
neutron decay in the center of the trapping region emit-
ting a 330-keV electron will produce on average a signal
of five photoelectrons, a 4 p.e. threshold is a strenuous
constraint.
In practice, such a reduction in the luminescence
background cannot be obtained by setting a four-
photoelectron threshold on a single photomultiplier tube
because there is not a sharp distinction between a three-
and a four-photoelectron event. Even with a higher
threshold, a single photoelectron event can result in a
much larger “afterpulse” in the PMT [41,42]. This af-
terpulse results from contamination of the PMT vacuum
over time (especially by helium, which diffuses through
glass) and occurs between 400 ns and 600 ns after the
initial pulse. The size of the afterpulsing effect was
studied by illuminating a PMT with light from an LED
(light-emitting diode) at low current (and thus, produc-
ing predominantly uncorrelated single photons). From
the pulse-height distribution, it is determined that be-
tween 2 % and 4 % of the presumably single photon
pulses generated a multiple photon afterpulse. To elim-
inate these backgrounds, two separate photomultiplier
tubes in coincidence are used, with a threshold of two
photoelectrons on each.
Fig. 16 shows the pooled background subtracted data;
i.e. the difference between the pooled trap-on data and
the pooled trap-off data, divided by the number of runs
which were pooled together. The following models are
simultaneously fit to the data:
W1 = A1e
− t
τ + C1 (6)
W2 = A2e
− t
τ + C2,
where W is the experimental counting rate and the sub-
scripts correspond to the first and second reactor cycle.
The A’s correspond to the amplitude of the neutron de-
cay signal, τ corresponds to the lifetime of the neutrons
in the trap (assumed to be the same in each reactor cy-
cle) and the C’s correspond to any residual offset between
FIG. 16. Plot of the difference between the averaged
“trap-on” and the averaged “trap-off” data for reactor cy-
cle one (A) and two (B). The solid lines indicate the result
of the fits described in the text.
trap-on and trap-off runs, which could arise from small
changes in the “flat” background rate over the course of
many runs.
The data from each cycle are binned into seventy 50 s
bins, with the first starting 50 s after the beam is turned
off. The five parameters, A1, A2, C1, C2, and τ are var-
ied using a routine adapted from the grid fit algorithm
described in ref. [43] to minimize the chi-squared (χ2) of
the fit. The values of the fit parameters are those which
yield the minimum χ2, and the 68 % confidence interval
for each parameter is given by the range over which the
χ2 (varying the other four parameters) increases by one
relative to the minimum (varying all five parameters).
The fit gives a minimum χ2 of 150.67 with 135 degrees
of freedom at [45]:
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A1 = 0.175 s
−1 ± 0.045 s−1
A2 = 0.082 s
−1 ± 0.021 s−1
C1 = 0.014 s
−1 ± 0.011 s−1 (7)
C2 = −0.003 s
−1 ± 0.005 s−1
τ = 660 s +290−170 s.
Note that A1 and A2 are significantly above zero, indi-
cating trapped UCN are present in the trap.
The data shown in Fig. 16 are evidence of an increase
in the counting rate in runs in which the magnetic trap is
turned on. However, from this evidence alone we cannot
definitely conclude that the increase represents an addi-
tional source of counts from trapped UCN as opposed
to, for example, small, magnet-dependent changes in the
rate of neutron-induced backgrounds. It has been as-
sumed that the trap-on data contain both the neutron
decay signal and background events, while the trap-off
data contain no decay events, but the same backgrounds.
If this assumption is true, then trap-on and trap-off data
taken under conditions chosen to eliminate the trapped
UCN without changing the backgrounds should be con-
sistent with each other.
To keep the background rate the same in any differ-
ent experimental configuration, the detector (including
the scintillation properties of the helium bath are con-
cerned), must remain unchanged. Similarly, the neutron
beam, which causes all the time-varying backgrounds,
must remain unchanged as well. Two changes to the
experimental configuration which meet these conditions
and remove the trapped neutrons are warming the he-
lium target to a temperature of 1.2 K and doping a small
amount of 3He (x3 ≈ 10
−7) into the isotopically purified
4He.
In ref. [25], the upscattering rate for UCN stored in
superfluid helium was measured to be 2.5× 10−2 s−1 at
1.16 K, giving a UCN storage lifetime of 40 s at that
temperature. During the loading phase, the continuous
upscattering of UCN reduced the expected peak number
of trapped UCN in our experiment from Pτβ to Pτup,
a factor of τup/τβ ≈ 0.05. With P = 0.73 (for the
ET = 0.8 mK runs), this gives a maximum of 29 trapped
UCN when the beam is turned off, or an initial beta-
decay rate of 0.03 s−1, decreasing with a lifetime of 40 s,
to under 0.01 s−1 before the first analyzed data, 50 s
after the beam is turned off. This is compared to an ex-
pected rate of 0.16 s−1 at that time in the trapping data.
Since the luminescence background varies with tempera-
ture, as well as with magnetic field, the warm runs could
conceivably produce a false negative. The 3He technique
does not have this feature, making it a more conclusive
negative than the “warm” data.
For the 3He runs, 10 Pa-L of 3He was introduced into
the 8 × 107 Pa-L of 4He filling the experimental cell,
yielding a concentration x3 ≡ n(
3He)/n(4He) ≈ 10−7.
This concentration gives a UCN lifetime of 0.4 s and an
absorption length of 400 m for 0.395 nm neutrons, the
lowest wavelength neutrons passing through the beryl-
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FIG. 17. Plots of the difference between the average pooled
magnetic “trap-on” and “trap-off” in the 1.2 K “warm” data
taken in reactor cycle 1.
lium filter. This attenuation is a factor of two shorter at
0.8 nm, on the tail of the spectrum. Over the 1 m length
of helium in the target, the 3He should absorb less than
1 % of the beam. Thus, any background arising from the
cold neutrons in the beam, rather than from UCN re-
maining after the beam is turned off, should be changed
by less than one percent.
The data from the warm runs are shown in Fig. 17.
There are no warm data from the second reactor cycle,
so the data are fit only to A1 and C1, with τ = 660 s
held fixed. This two parameter fit gives a result of:
A1 = 0.042 s
−1 ± 0.043 s−1
C1 = 0.001 s
−1 ± 0.009 s−1,
with a χ2 of 76.1 for 68 degrees of freedom. This is
consistent with the prediction of A1 / 0.01 s−1.
The data from the 3He runs are shown in Fig. 18. The
data are fit to eq. 6 with τ = 660 seconds. This four
parameter fit gives the following results, with a minimum
χ2 of 119.3 for 136 degrees of freedom:
A1 = 0.045 s
−1 ± 0.041 s−1
A2 = −0.001 s
−1 ± 0.017 s−1
C1 = 0.023 s
−1 ± 0.009 s−1
C2 = −0.007 s
−1 ± 0.0035 s−1.
The amplitudes A1 and A2 are consistent with zero
trapped UCN in the trapping region and inconsistent
with the signal observed in the trapping data. The re-
maining constant offsets arise from the slow change in
the “flat” background rate from run to run. A discussion
of these results is given below.
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FIG. 18. Plots of the difference between the average pooled
magnetic “trap-on” and “trap-off” in the 3He data for reactor
cycle one (A) and two (B).
V. DISCUSSION
For an infinite loading time, the expected initial num-
ber of trapped neutrons is given by Pτn, where P is the
production rate of trapped UCN and τn is the storage
time. For a finite loading time, the initial number of
trapped UCN, N , is given by:
N = Pτn(1− exp (−tload/τn)). (8)
The production rate of trapped UCN, P , for the 0.75 mK
runs, is theoretically predicted to be 0.73 s−1 ± 0.24 s−1
[34]. If beta decay is the only significant loss, then τn =
τβ = 886.7 s [2]. Based on the predicted production rate,
a loading time of tload = 1350 s gives N1 = 500± 170. In
the 0.5 mK runs the production rate, P , and hence N0,
is scaled by a factor of (120 A/180 A)3/2 = 0.544, giving
N2 = 270± 90.
The initial count rate in our detector is given by W =
(ǫN)/τβ , where ǫ = 31 % is the detector efficiency. The
number of trapped neutrons observed in each data set
is obtained by taking Nˆi = τβAi/ǫ. For the first data
set, A1 = 0.175 ± 0.045 gives Nˆ1 = 500 ± 155. For the
second data set, A2 = 0.082 ± 0.021 gives Nˆ2 = 230 ±
70. Thus, the fit to each data set is consistent with the
expected number of trapped UCN. In addition, when the
amplitudes of the trapping and non-trapping (“warm”
and “3He) runs are combined, the trapping runs have
an amplitude which is three standard deviations larger
than the amplitude from the non-trapping runs. This
constitutes strong evidence that we have magnetically
trapped neutrons.
VI. CONCLUSIONS AND FUTURE DIRECTIONS
Having demonstrated magnetic trapping of UCN, we
now consider the prospects for making a measurement of
the neutron lifetime. First, the error bars on the measure-
ment quoted in eq. 7 may seem discouraging, compared
to the weighted world average value of 886.7s± 1.9 s [2].
However, the uncertainty in the present data is due en-
tirely to statistical fluctuations in the large backgrounds
being subtracted and not from the number of trapped
UCNs.
There is every reason to believe that a large reduc-
tion in at least the time-varying background is possible,
since these backgrounds are created by neutrons of all
wavelengths, while the trapped UCN are produced by
neutrons in a narrow band around 0.89 nm. Thus, a
0.89 nm nearly monochromatic beam should reduce these
backgrounds by almost two orders of magnitude relative
to the neutron signal.
The flat background can be reduced by increasing the
detection efficiency, allowing higher rejection thresholds
to be set. Presently, the efficiency is 31 %, mainly lim-
ited by the transport of the blue light down the tube
surrounding the trapping region. An increase in the
wall thickness of the tube will not only allow efficien-
cies > 90 %, but will allow the thresholds to be raised,
thereby lowering the backgrounds. The detection effi-
ciency may also be raised by using an optically transpar-
ent beamstop rather than the opaque B4C beamstop.
Lastly, the number of trapped UCN could be increased
by building a magnetic trap either physically larger than
that described here, “deeper” (in terms of magnetic trap
depth), or both. The number of trapped UCN is approx-
imately proportional to the volume of the trap (lr2T ) and
to kTET ∝ B
3
2
T . In fact, collimation constraints in setups
of our type make the UCN population depend slightly
more strongly on rT and less so on l. The present mag-
net has a bore of 5.08 cm and the diameter of the trap
is 3 cm. In a larger-bore magnet, this ratio will sub-
stantially improve, giving a trap depth that is a larger
fraction of the field at the bore of the magnet. An im-
provement of more than two orders of magnitude in the
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number of trapped UCN, giving a potential measurement
at the 1 s level, is likely in the next few years.
Ultimately, this method of measuring the neutron life-
time is limited by losses of neutrons from the trap, which
would give the appearance of a lifetime shorter than the
actual beta-decay lifetime. Ways in which neutrons could
be lost from the trap, other than beta-decay, include:
scattering by excitations in the liquid helium, absorption
by 3He, Majorana spin-flip transitions and the marginal
trapping of neutrons. Scattering of trapped neutrons by
excitations in the liquid helium can be reduced to below
10−5 of the beta-decay rate by cooling the helium to be-
low 150 mK [24,25]. Absorption by 3He is reduced by
using isotopically purified 4He. At the level to which the
supplied 4He has been verified [46,47], a limit of 10−2
of the beta-decay rate can be set. The actual purity is
probably better and will be measured using accelerator
mass spectrometry. Majorana spin-flip transitions occur
near zero-field regions and can be suppressed in an Ioffe
trap by the application of a bias field. Marginally trapped
neutrons can be eliminated by ramping the magnetic field
down to 30% of its maximum value and then back up, re-
sulting in a population of UCN all with energies less than
the trap depth and thus all truly trapped.
The beta-decay lifetime of a neutron in a bath of liquid
helium could in principle differ from that of a neutron in
vacuum due to either a change in the available phase
space for the decay products or a change in the matrix
element that governs the decay. Small changes in the
phase space factor arise from an increased or decreased
amount of energy available to the decay products. For
example, the minimum energy of the electron in helium
is 1.3 eV [51]. The net effect of this energy difference is
to increase the neutron lifetime by at most 6.5 × 10−6.
We estimate that all of the phase-space effects are less
than 10−5. Also, the matrix element for the decay could
be influenced by the presence of the helium nuclei. The
axial-vector coupling constant ga is known to vary by 26%
compared to that of muon decay [50]. We can estimate
the effect of such a change by considering the range of
the strong force (∼ 10−15 m) and the density of helium
nuclei in the neutron’s environment. The effect of the
helium nuclei in the environment of the neutron should be
∼ 10−16. There is no reason to expect any of these effects,
or the loss mechanisms mentioned above, will prevent a
measurement of the neutron lifetime at the 10−5 level,
given sufficient statistics.
In addition to the immediate use of trapped UCN in a
measurement of the neutron lifetime, the techniques de-
veloped for this experiment are applicable to a wide range
of future experiments. The detection of EUV scintilla-
tions in liquid helium (or neon) using wavelength shifters
has been proposed for use in a solar neutrino experiment
[18]. Also, both the production and storage of UCN in
a helium bath and the detection techniques described
herein are relevant to a proposed experiment to measure
the electric dipole moment (EDM) of the neutron using
polarized UCN in a bath of liquid helium [17].
The apparatus described above could also be readily
adapted for use as a relatively strong source of polarized
UCN. This source of perfectly polarized UCN could be
useful in the determination of correlation coefficients in
neutron decay which can be combined with τn to test the
Standard Model. A UCN beam could also be used as a
probe for the investigation of condensed matter, because
the UCN’s wavelength is comparable to interesting cor-
relation lengths in crystalline, polymeric and biological
materials.
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